This paper presents the results of a study in Melbourne, Australia, of the short -term effects of ambient fine particle pollution on daily mortality occurring between 1991 and 1996. The methodological approach used Poisson regression and Generalized Additive Models ( GAM ) with LOESS smoothing to control for temporal and meteorological effects. The association between particles and increases in daily mortality was examined using nephelometry data ( bsp, mean 24 h average = 0.26Â10 À 4 m À 1 , mean 1 h maximum = 0.60Â10 À 4 m À 1 ) , PM 2.5 ( 24 h mean = 9.42 g / m 3 ) and PM 10 ( 24 h mean = 19 g / m 3 ) . Both the PM 10 and PM 2.5 data were estimated from nephelometry data using previously derived relationships for the Melbourne airshed. Significant positive associations between the particle measures considered and all cause and respiratory mortality were found in the warm season ( November ± March ) . A 1Â10 À 4 m À 1 increase in maximum 1 -h bsp levels was associated with a 2.19% ( 95% CI = 0.01 ± 4.43% ) increase in risk of death for all cause mortality and a 10.40% ( 95% CI = 2.44 ± 18.97% ) increase in risk for respiratory mortality in the warm season. A 1 g / m 3 increase in 24 -h PM 2.5 in the warm season was associated with a 0.38% ( 95% CI = 0.06 ± 0.70% ) increase in risk of death for all cause mortality and a 1.18% ( 95% CI = 0.05 ± 2.32% ) increase in risk for respiratory mortality. For PM 10 , a 1 g / m 3 increase was associated with an increased risk of 0.18% ( 95% CI = 0.03 ± 0.33% ) for all cause mortality and 0.59% ( 95% CI = 0.06 ± 1.13% ) for respiratory mortality. Significant associations were also found in the 65 + age group in the warm season. However, for these warm periods, the effects of ozone ( average 1 h maximum = 127 ppb ) and nitrogen dioxide ( average 1 h maximum = 70.7 ppb ) were also significant and, due to high correlations between these pollutants, it was not possible to separate the particle effects from those of O 3 and NO 2 . Sulfur dioxide was not examined as concentrations of this pollutant in Melbourne are very low ( max 1 h = 15 ± 24 ppb, annual average 0.8 ppb ) . Comparison with other Australian studies in Sydney and Brisbane indicates different results for particle pollution.
Introduction
In recent years, many studies worldwide have shown associations between particle air pollution and increases in daily mortality and morbidity. These effects have been observed across a range of climatic conditions and pollution levels in many regions throughout North and Central America, the UK, and Europe ( Dockery and Pope, 1994; Pope et al., 1995; Anderson et al., 1996; Katsouyanni et al., 1996; Ostro et al., 1996; Ponce de Leon et al., 1996; Hoek et al. 1997; Zmirou et al. 1998 ) . Studies in Australia have also found associations between particles and daily mortality and daily hospital admissions ( Simpson et al., 1997; Morgan et al., 1998a,b; Petroeschevsky et al., 2000 ) .
Epidemiological studies conducted in various parts of the USA (Dockery and Pope, 1994; Bascom et al., 1996; US EPA, 1996a,b ) have shown a consistent 1% increase in daily mortality associated with a 10 g/m 3 increase in daily average PM 10 levels. The results of these studies indicate that there is no threshold value below which adverse health effects are not observed.
In general, the effect estimates observed in the UK and Europe are lower than those observed in the US studies (UK Department of Health, 1998 ) . The reason for this is unclear, but may be due to high levels of acid aerosols in the USA, or possibly the use of black smoke in the UK and European studies. These results suggest that the dose ±response relationships determined within a particular country or region may not be readily transferable to other areas.
A number of these studies also relate other pollutants such as ozone ( Loomis et al., 1996; Borja -Aburto et al., 1997; Sartor et al., 1997; Simpson et al., 1997; Touloumi et al., 1997) , NO 2 ( Bascom et al., 1996; WHO, 1997; UK Department of Health, 1998 ) , and CO (Bascom et al., 1996 ; UK Department of Health, 1998 ) to increases in daily mortality. Given that these pollutants are often highly correlated, it can be difficult to separate the effects of individual pollutants. The strong correlation between SO 2 and particles in many US and European cities has raised the question as to whether the effects of particles can be separated from those attributable to SO 2 ( Moolgavkar et al., 1995a,b; Vedal, 1997) .
Only a limited number of studies into the effects of air pollution on health have been conducted in Australia. In general, pollution levels in Australian cities are lower than those observed in many US and European cities. Recent work in Sydney ( Morgan et al., 1998a,b ) and Brisbane ( Simpson et al., 1997 ) , however, has indicated that current levels of ambient air pollution in these cities are making significant contributions to variations in daily mortality and hospital admissions for cardiorespiratory disease. The effects observed in these studies are consistent with those observed in studies overseas.
This paper presents the results of a study conducted in Melbourne Ð the second largest city in Australia Ð to investigate the association between air pollution and daily mortality. The main aim of this paper is to examine the relationship between ambient particle pollution and daily mortality in Melbourne for the period 1991 ±1996. Unlike many other cities, levels of SO 2 in Melbourne are very low (15 ± 24 ppb, 1 h maximum, annual average 0.8 ppb) due the absence of significant point sources in the area and the low sulfur content of Australian fossil fuels. Melbourne thus provides a good opportunity to examine the health effects of particles without the potential confounding effects of SO 2 .
The Study Area
The city of Melbourne is located on the southeast coast of Australia, on the northern edge of Port Phillip Bay. The study area is contained within a 30 -km radius of the Central Business District ( CBD ) and is the major part of the Melbourne Statistical Division identified by the Australian Bureau of Statistics (ABS ). This area contains several air monitoring stations which are considered representative of air quality within the region. The Melbourne Statistical Division recorded a population of 2,994,280 persons in the 1996 census. Melbourne's climate, best described as Mediterranean, is dominated by the proximity of Port Phillip Bay (see Figure 1) . The topography and climate combine to make the region an area of high pollution potential during Effects of ambient paricle pollution on daily mortality in Melbourne 1991 Melbourne -1996 Simpson et al.
calm weather conditions. The study area to the east of Melbourne is bounded by the Dandenong Ranges that rise to about 700 m. The Great Dividing Range which runs east ± west is located approximately 100 km to the north and rises to about 2000 m. In summer, elevated ozone concentrations are associated with warm temperatures and stable atmospheric conditions. In autumn and winter, the major concern is fine particles which arise mainly from domestic wood burning.
Methods

Mortality Data
Mortality data for the period January 1, 1991 ± December 31, 1996 were obtained from the ABS. To ensure a complete dataset, the months September ±December 1996 were excluded from the analysis; deaths occurring toward the end of 1996 were not registered until 1997 and were thus not included in the raw mortality dataset for 1996. Groups were aggregated into the broad categories of respiratory mortality ( ICD -9 460± 519) , cardiovascular mortality (ICD -9 390 ± 459 ) and total ( all cause ) mortality ( all ICD -9 < 800 ), with two age groups (all ages and 65 + ) considered in the analysis. Mortality data for residents outside the study area ( e.g., interstate or elsewhere in Victoria ) at the time of death were excluded from the analysis, as were deaths of nonresidents in the study area.
Air Pollution Data
Pollutant data were obtained from the Environment Protection Authority -(Victoria). Air quality data in Melbourne have been collected by the EPA since 1979. Figure 1 shows the location of monitoring sites within the study area. Nephelometry data were obtained from five monitoring sites: Alphington, Dandenong, Footscray, Paisley, and Pt Cook. All stations were in operation throughout the study period, were positioned in residential areas away from major point sources, and were considered to be generally representative of pollution levels experienced throughout the Melbourne airshed. In instances where pollutant data were missing at a particular site on a given day, the missing data were estimated using the mean of the non-missing sites on that day adjusted for the 3-month seasonal mean of the missing site over the 3 -month seasonal mean of the network. Both 1 h maximum and 24 h average bsp concentrations were used in the analysis. Nephelometry data have been collected by EPA on a continuous basis for the past 20 years. The correlation between bsp and both PM 2.5 and PM 10 has been determined using data from collocated nephelometers, dichotomous samplers, and TEOM monitors ( Bardsley, 1987 ; Ahmet, S.J., EPA-( Victoria ), personal communication, 1998. The results of these studies have shown that bsp data, measured using nephelometry, are highly correlated with PM 2.5 in the Melbourne airshed. The relationships vary slightly from site to site and from season to season. Using these correlations, a daily PM 2.5 dataset was constructed. The correlation between PM 2.5 and PM 10 was found to vary significantly from season to season and from site to site (Bardsley, 1987 ) . PM 2.5 to PM 10 ratios varied from 0.3 in summer to 0.8 in winter, depending on the site. Daily PM 10 datasets were derived from the PM 2.5 data for each site using the seasonal relationships between PM 2.5 and PM 10 . The site -specific PM 10 datasets were then averaged to give a network average. Analysis of the relationship between daily mortality and PM 2.5 and PM 10 was conducted using these datasets. Other pollutants considered in the analysis included O 3 (1 h/4 h/8 h) and NO 2 ( 1 h /24 h ). Concentrations from the same day ( lag 0 ), previous day ( lag 1 ), and 2 days prior ( lag 2) were investigated. Three -day (average of the lags 0± 2 ) and 5 -day (average of the lags 0 ±4 ) cumulative averages were also investigated.
Meteorological Data
Meteorological data ( minimum, maximum, and average temperature, dew point temperature, relative humidity and rainfall ) were supplied by EPA -(Victoria) for all sites within the study area. Lags up to 2 days were investigated as well as 2-, 3 -, and 4 -day cumulative averages. Data were also obtained from the Bureau of Meteorology.
Statistical Analysis
As daily health outcomes may be sensitive to climate / weather and other temporal factors such as season and longterm trend, it is important to control for these effects in the analysis. A number of approaches to controlling for such influences have been used in previous investigations into the health effects of air pollution, including parametric approaches, smoothing regression approaches, and Generalized Additive Models (GAM ).
The analysis of the results reported here utilised GAM with LOESS smoothing. Poisson regression was used, controlling for a range of temporal cycles (such as season, long -term trend, holidays) and meteorological conditions. The steps taken in the analysis were adapted from the Air Pollution and Health: European Approach (APHEA ) protocol (Katsouyanni et al., 1996 ) and are described briefly below. Individual models were built for each of the outcomes considered. Control for Time/Long-Term Cycles: For the LOESS smooth, the optimal trend for time was determined using Akaike's Information Criterion (AIC ) along with the examination of partial autocorrelation plots of model residuals to ensure that significant autocorrelation in the data was removed and``overfitting'' of the data avoided.
Other Temporal Cycles: After adjusting for long -term cycles in the data, other temporal cycles such as day of week, public holidays, and any seasonal patterns that were not removed by the first step were added to the model.
Influenza:
Over the study period, only 0.03% of total deaths was due to influenza. Nevertheless, the control for influenza epidemics is advisable in this type of research . Influenza data were obtained from the Victorian Infectious Disease Registry and Laboratory for both influenza A and B. While the data showed that no significant epidemics of influenza occurred during the study period, laboratory notifications are considered unreliable for the purposes of this study (due to the unknown lag period between the onset of symptoms and notification ). Therefore, the approach adopted to adjust for`e pidemics'' involved constructing a dummy variable for periods where the 5 -day running mean for respiratory mortality exceeded its 90th percentile value.
Meteorological Variables: The control for meteorological conditions involved selecting the optimal combination of weather variables, using a stepwise regression approach, which minimized the AIC.
Pollutant Models: The pollutants considered were then added separately to the base model as linear terms. In cases where more than one pollutant was significantly associated with the outcome variable, two -pollutant models were run to determine whether the pollutant effects were independent.
Seasonal Models: To determine whether the pollutant effects varied between the warm and cool periods (due to differences in exposure patterns, pollution mixes, and /or pollutant levels) , seasonal analyses were conducted using warm and cool dummy variables and pollutant ±season interaction terms.
Results
For the period of this study, 1991 ± 1996, the Melbourne region experienced average mortality rate of 55 deaths /day attributable to non -accidental causes. On average, 44% of these deaths was due to cardiovascular disease and 8% due to respiratory disease. The majority ( 80% ) of deaths occurred in those persons aged greater than 65 years. Daily mortality was slightly higher in the cool season, although the highest daily count on any 1 day ( 90 deaths ) occurred in the warm season ( March 18, 1995 ) . Table 1 gives the descriptive statistics for each of the outcome variables considered for the entire study period and by season. Table 2 presents the descriptive statistics for the air pollution data and meteorological variables ( averaged across the monitoring network ) considered in the analysis.
Particle levels were, on average, highest in the cool season (April ±October ) , although peak levels ( maximum 1 h ) were recorded in the warm season in late March 1994. This peak was due to an extended episode of calm, stable meteorological conditions giving rise to a period of high particle levels and poor visibility. Ozone levels were also elevated during this time. During the study period, ozone levels were highest in the warm season ( November ±March ), while levels of NO 2 and CO were highest in the cool season.
Correlations between particle levels recorded at the different monitoring sites were generally high. Intersite correlations for bsp ranged between 0.79 and 0.96 for the 24 -h concentration, and 0.65 and 0.88 for the 1-h maximum concentration. Highest mean daily bsp concentrations were recorded at Alphington, with peak concentrations recorded at Footscray ( 24 h) and Paisley (1 h maximum ).
Correlations between particles and the other pollutants considered in the study were mostly significant. High correlations were observed between bsp and NO 2 (0.60± 0.68 ) and between bsp and CO (0.58 ±0.71 ). Correlations with O 3 were much lower, ranging from 0.01 to 0.17. For 6 -day PM 10 , for which there were 332 measurements made over the study period, correlations were slightly different, ranging from 0.18 to 0.30 for O 3 and 0.61 for NO 2 .
The results derived from the GAM analysis for bsp are shown in Tables 3 and 4 . Results were most consistent for the same day concentration. Relationships for other lag periods were inconsistent and generally not significant. Associations between bsp and the outcomes considered in the whole -year models were mostly positive; however, no significant relationships were found ( Table 3 ) . Table 2 indicates that there is little difference in mean particle concentrations in cool and warm seasons. In contrast, however, the other pollutants did show seasonal variations. Previous studies have shown that there is a significantly higher secondary particle component of the Melbourne aerosol in summer (Gras et al., 1992 ) . Therefore, a seasonal analysis was carried out to examine whether there are different mortality impacts given these differences in pollution composition. It might also be the case that actual population exposure to air pollution is higher in the summer than winter due to people spending more time outdoors.
The seasonal analysis yielded a number of significant positive relationships. Statistically significant associations were found with same day 1 h maximum and 24 h average bsp in the warm season for all cause and respiratory mortality in the all ages and 65 + age groups. No significant relationships were observed for cardiovascular mortality in either of the age groups examined. The results of the seasonal analysis are shown in Table 4 . Tables 5 and 6 show the results of the analysis using the continuous PM 10 and PM 2.5 datasets. The results obtained are similar to those observed using bsp. No significant relationships were observed for any outcome variable with either PM 10 or PM 2.5 in the whole -year models (Table 5 ) . The seasonal analysis revealed significant associations in the warm season only. The effect estimates were larger for PM 2.5 than for PM 10 , indicating a greater risk associated with a 1 g m À 3 increase in particle mass in the fine particle range. As no significant results were obtained in whole -year models, a multi -pollutant analysis was not conducted for the particle measures used in this study.
Both of the other pollutants considered in the analysis (O 3 and NO 2 ) were found to be significantly associated with all cause and respiratory mortality in the all ages and 65 + age groups. As for particles, effects for O 3 and NO 2 were strongest in the warm season. No significant associations were found between these pollutants and cardiovascular mortality. Table 7 summarises the most significant of the associations observed for these pollutants in this study.
Discussion
The results of the current study show only a weak association between ambient particle air pollution and increases in daily mortality in Melbourne. Significant positive relationships were found only during the warm months for all cause and respiratory mortality in the all ages and greater than 65 age groups.
In contrast to the results for particles, consistent positive associations were observed between both O 3 and NO 2 and most of the outcomes considered ( with the exception of cardiovascular mortality ) in the whole -year models. However, as for particles, effects for both pollutants were strongest in the warmer months, with no significant relationships found in the cool season. Similar results were obtained in a previous analysis of the Melbourne data ( EPA -( Victoria ), 2000 ). The results suggest the possibility of a photochemical smog effect. Although bsp was not highly correlated with O 3 over the whole period of the study (correlation coefficients 0.01 ± 0.17 ), in the warm season, the degree of correlation increased significantly ( 0.43± 0.52 ). During these months, there is a high potential for photochemical smog formation in Melbourne. A combination of high temperatures and wind recirculation patterns can lead to high levels of ozone and other photochemical pollutants ( EPA -(Victoria), 1997 ) . Due to the high correlations between bsp and other pollutants in the summer, it is difficult to distinguish independent pollutant effects. The results of the particle analysis reported here are similar to the results of previous analyses of the Melbourne data that utilised trigonometric filtering and GAM with spline smoothing (EPA -( Victoria ), 2000 ) . These previous analyses indicated that the associations between particle air pollution and daily mortality, although robust to the statistical methods used in the analysis, were sensitive to the methods used for controlling for meteorological variables. Comparison of the findings of analyses conducted using trigonometric filtering and GAM with spline smoothing indicated that if the same base models were used, no differences were observed in the size or the significance of the effect estimates. Optimising the AIC in the GAM analysis, however, which was the approach used in the current analysis, reduced both the size of the effect estimate and its significance.
The results of the Melbourne studies are consistent with those observed overseas although the effect estimates are somewhat smaller and less stable. In recent years, many studies have consistently shown an association between short -term exposure to particles and increases in daily mortality. In these studies, investigators have observed an association between daily or the average of several days concentrations of particles (as TSP, PM 10 , or PM 2.5 ) and daily mortality. The results of such studies are consistent with early studies from London, but extend to lower concentrations over a large number of areas with differing climate, particle composition, and varying concentrations of SO 2 and other gaseous pollutants. In general, the effect estimates observed in the UK and Europe are lower than those observed in the USA. The reason for this is unclear, but may be due to high levels of acid aerosols in the USA, or possibly the use of black smoke in the UK and European studies (UK Department of Health, 1998 ) .
In Australia, the association between daily mortality and air pollution has been investigated in both Sydney and Brisbane (Simpson et al., 1997; Morgan et al., 1998a ) . Both Sydney and Brisbane, like most Australian cities, experience very low levels of SO 2 , which means that confounding by this pollutant is unlikely. In the Sydney study ( Morgan et al., 1998a,b ) , nephelometry data, which are indicators of fine particles, were found to be associated with all cause, respiratory, and cardiovascular mortality. The results showed that a 2.6% increase in daily mortality was associated with an increase in PM 10 of 25 g/m 3 , similar to that observed in studies in the USA. Daily mortality was also found to be associated with O 3 and NO 2 , but when all pollutants were considered in the same model, the effect of particles dominated. The mortality study conducted in Brisbane (for the period 1987 ± 1993 ) found similar results (Simpson et al., 1997 ) . Significant associations were found for daily mortality and fine particles (bsp, measured by nephelometry ) and O 3 . When all pollutants were considered in the model, O 3 and particles remained significant, suggesting that the effects were independent. The associations were more significant for the elderly and for mortality from cardiovascular causes. An increase in fine particle levels corresponding to a 10 g/m 3 increase in PM 10 was associated with an increase in daily mortality of between 1.2% and 1.3%.
The analyses in Brisbane and Sydney used different modelling approaches to those used in the current study. To examine the robustness of the results to the statistical methods used in the analysis, the data in Brisbane have been re -analysed using the same approach as that used in the Melbourne study. The results are shown in Table 8 .
The methodologies used in these two analyses were quite different in terms of the statistical approach used (the earlier study used trigonometric filtering as opposed to GAM ) and the adjustment for weather effects (same day sets of variables rather than the optimal combination of meteorological variables ) . The studies show little difference for bsp results, while the ozone effects are smaller and less significant (although it is still present as a summer effect) . These differences are similar to those found in the previous analyses of the Melbourne data that compared the two approaches. Most of the differences arose in response to changes in the method of adjustment for weather rather than the statistical approach used.
Conclusions
The results of this study have shown that ambient particle pollution in Melbourne is only associated with increases in daily mortality in the warm months. The results indicate that photochemical smog may play a role in the observed effects, although due to high correlations between pollutants in the warm season, it is difficult to separate the pollutant effects. Per unit increase in pollutant concentration.
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